After previous studies had shown that natural transposon insertion between the two homologous regions hr3 and hr4 of the genome of the Mexican (M) strain of Cydia pomonella granulovirus (CpGV-M) resulted in a loss of viral competitiveness, the function of these homologous regions was investigated. A CpGV-based bacmid (CpBAC) was constructed and mutants with deleted hr3 and hr4 palindromes (CpBAC hr3/hr4 KO ) and a construct (CpBAC hr3-kan-hr4 ) with physically separated hr3 and hr4 repeats were generated to investigate their involvement in in vivo replication. Based on median lethal concentration (LC 50 ) and median survival time (ST 50 ) of the mutant viruses vCpBAC hr3/hr4 KO and vCpBAC hr3-kan-hr4 it was found that the infectivity of both mutants for codling moth Cydia pomonella L. (Lep.: Tortricidae) larvae was not influenced compared with the parental virus vCpBAC. Co-infection experiments with vCpBAC hr3-kan-hr4 and vCpBAC using different virus ratios revealed that vCpBAC hr3-kan-hr4 was efficiently out-competed by vCpBAC during in vivo replication. These findings suggested that the separation of hr3 and hr4 resulted in a replication disadvantage of the mutant similar to the observation made in previous co-infection experiments using the transposon-carrying mutant CpGV-MCp5 and WT CpGV-M. It was concluded that the palindromes hr3 and hr4 may play a non-essential but co-functional role in the replication of CpGV-M.
INTRODUCTION
Baculoviruses (family Baculoviridae) are a diverse group of rod-shaped insect viruses that are widely used as natural biocontrol agents of insect pests (Moscardi, 1999) . They have large, covalently closed circular dsDNA genomes of 80-180 kb, and were isolated from the insect orders Lepidoptera, Hymenoptera and Diptera. The family is divided into four genera, of which the two lepidopteran-specific nucleopolyhedroviruses (genus Alphabaculovirus) and the granuloviruses (genus Betabaculovirus) are the largest groups (Jehle et al., 2006; Herniou et al., 2011) .
The best-studied of the betabaculoviruses is Cydia pomonella granulovirus (CpGV). CpGV is highly pathogenic to the larvae of the codling moth (CM) Cydia pomonella L. (Lep.: Tortricidae), which is an important economic pest of commercial apple orchards throughout the world (Cross et al., 1999) . The complete genome sequence and genetic organization of the Mexican (M) strain of CpGV have been elucidated (Luque et al., 2001; Eberle et al., 2009) ; the genome is 123 500 bp and potentially encodes 146 ORFs. Thirteen imperfect palindromes, homologous repeat-like structures of 74-76 bp with similarity to each other, were identified in the CpGV-M genome (Luque et al., 2001) . Each CpGV-M homologous region appears as singleton, not occurring as multiple tandem repeats, as is typical for homologous region elements of Autographa californica multiple nucleopolyhedrovirus (AcMNPV). For AcMNPV, homologous regions are described as origins of replication and enhancers of gene transcription (Cochran & Faulkner, 1983; Guarino & Summers, 1986; Rodems & Friesen, 1993) .
CpGV-MCp5 (hereafter MCp5) is a natural mutant of CpGV-M that harbours an insect host transposon, termed TCl4.7, in its genome (Jehle et al., 1995) . In MCp5, TCl4.7 is located between ORF Cp15 and Cp16, whose functions are unknown. In addition, the insertion of TCl4.7 into the genome of CpGV separated two adjacent homologous regions, hr3 and hr4, which have been proposed to be origins of replication of CpGV (ori) (Hilton & Winstanley, 2007) . Previous competition experiments demonstrated that MCp5 has a significant replication disadvantage compared with CpGV-M in coinfection experiments of fifth-instar C. pomonella, which were performed by oral inoculation with occlusion bodies (OBs) (Arends et al., 2005) . However, infection parameters, such as median lethal concentration (LC 50 ), median survival time (ST 50 ) and virus offspring production, revealed no significant difference between both viruses. Moreover, no evidence for decreased infectivity of mutant MCp5 was found (Jehle et al., 1995; Arends et al., 2005) .
The aim of this study was to investigate whether the insertion of the TCl4.7 transposon into the non-coding genomic region between hr3 and hr4 was linked to the difference of competitiveness of MCp5 compared with CpGV-M. To investigate this possibility, a bacmid of CpGV-M (CpBAC) was constructed and two mutant viruses were generated: one mutant contained a deletion of hr3 and hr4 (CpBAC hr3/hr4 KO ) and the second mutant harboured an insertion of a kanamycin resistance gene cassette (Kan R ) between hr3 and hr4 (CpBAC hr3-kan-hr4 ) to mimic the physical separation of hr3 and hr4 as observed for MCp5 carrying the TCl4.7 transposon. The latter construct should indicate whether the separation of hr3 and hr4 influences virulence and virus competitiveness.
RESULTS

Generation of a bacmid of CpGV-M
For the construction of a bacmid of CpGV-M, genomic viral DNA was isolated from purified OBs, linearized at the unique Pac I locus and directly cloned into pCC1-hr5-ie1-GFP bacmid cloning vector. The Pac I locus was chosen for cloning as it is located in a non-coding region of the virus genome. The CpGV-M bacmid with the correct restriction profile was selected from 74 putative bacmid clones and was designated CpBAC; its Bam HI profile exhibited no difference from the corresponding profile of CpGV-M DNA except for the presence of the pCC1-hr5-ie1-GFP cloning vector fragments (Fig. 1) .
Generation of CpGV-M mutants
The Red/ET Recombination ('recombineering') system was used to delete the hr3 and hr4 regions in bacmid CpBAC to generate the mutant CpBAC hr3/hr4 KO , and to insert the kanamycin resistance (Kan R ) cassette between hr3 and hr4 to generate CpBAC hr3-kan-hr4 (Fig. 2 ) For the deletion of hr3 and hr4, two 80mer oligonucleotides Phr3/hr4NL-F and Phr3/hr4NL-R were synthesized and used to generate a PCR product of *1.0 kb using the template plasmid PGK-Tn5-neo. The PCR product contained the Kan R cassette flanked by sequences homologous to the flanking sequence of hr3 and hr4, at nt 11 906-11 981 and 12 071-12 145, respectively, of the corresponding CpGV-M nucleotide sequence (Luque et al., 2001 ) (H1 and H2 in Fig. 2a ). For insertion of the Kan R cassette between hr3 and hr4, two 80mer oligonucleotides Phr3-kan-hr4-F and Phr3-kan-hr4-R were synthesized and used to generate a PCR product of *1.0 kb using the template plasmid PGKTn5-neo. According to the CpGV-M nucleotide sequence, the distance between hr3 and hr4 is 90 bp (H3 and H4 in Fig. 2b ). The generated PCR products were purified and co-transfected with CpBAC DNA into electrocompetent TransforMax EPI300 Escherichia coli. Colonies harbouring recombinant bacmids were selected on medium containing kanamycin and chloramphenicol. The correct construction of both mutant bacmids was confirmed by PCR using two specific oligonucleotides (D5+D6) flanking the Kan R insertion site for detection of predicted recombinant junction regions (Fig. 2c) . PCR analysis showed the expected fragment of 1249 bp for CpBAC hr3/hr4 KO , corresponding to the deletion of the hr3 and hr4 regions and insertion of the Kan R , and 1402 bp DNA fragment for CpBAC hr3-kan-hr4 , corresponding to the insertion of the Kan R cassette between hr3 and hr4 (Fig. 2c) . Thus, PCR analysis provided evidence for the correct construction of both bacmids CpBAC hr3/hr4 KO and CpBAC hr3-kan-hr4 .
A DNA restriction endonuclease analysis of the generated bacmids was performed using Bam HI. As hr3 and hr4 are located within the 6.8 kb Bam HI-F fragment (Luque et al., 2001) , replacement of the hr3/hr4 region by the Kan R cassette in CpBAC hr3/hr4 KO was expected to result R cassette flanked by sequences homologous to the hr3/hr4 region at both ends. It was generated using two 80mer oligonucleotides: Phr3/hr4NL-F and Phr3/hr4NL-R. Each oligonucleotide consisted of a 24 nt P1 or P2 priming site sequences flanking the Kan R in PGK-Tn5-neo, 6 nt of the Sma I site and a 50 nt hr3/hr4 homologous region complementary to the right border sequences of hr3 (H1) or left border sequences of hr4 (H2). The PCR product was used to replace the hr3/hr4 region in CpBAC using the Red/ET Recombination system to generate the mutant bacmid CpBAC hr3/hr4 KO . (b) PCR product containing the Kan R cassette flanked by sequences homologous to the 90 bp region located between hr3 and hr4 at both ends. It was generated using two 80mer oligonucleotides: Phr3-kan-hr4-F and Phr3-kan-hr4-R. Each oligonucleotide consisted of a 24 nt P1 or P2 priming site sequence flanking the Kan R in PGK-Tn5-neo, 6 nt of the Sma I site and a 50 nt homologous region complementary to the right border (H3) or left border (H4) sequences flanking the 90 bp region. The PCR product was used to insert the Kan R cassette between hr3 and hr4 in CpBAC using the Red/ET Recombination system to generate the mutant bacmid CpBAC hr3-kan-hr4 . The relative locations of the oligonucleotides used in the analysis of the Kan in a specific fragment of 7.5 kb (Fig. 3a) . In contrast, insertion of Kan R between hr3 and hr4 in CpBAC
should result in a specific fragment of 7.7 kb (Fig. 3a) . The restriction digests resulted in the expected patterns ( Fig. 3b) , confirming the correct construction of CpBAC hr3/hr4 KO and CpBAC hr3-kan-hr4 bacmids.
Generation of mutant virus OBs
To test the replication capacity of CpBAC, CpBAC hr3/hr4 KO and CpBAC hr3-kan-hr4 bacmids, and to produce viral OBs, purified DNA of each bacmid was injected into the haemocoel of 20 fourth-instar CM larvae as a liposome complex. Control experiments included animals injected with CpBAC DNA solution without Lipofectin or Tris/EDTA (TE) buffer in Lipofectin and untreated animals. Injections of all three bacmids (CpBAC, CpBAC hr3/hr4 KO and CpBAC hr3-kan-hr4 ) resulted virus infection symptoms after 7-9 days post-injection (data not shown). All treated larvae died 9-12 days post-injection and produced viral OBs. Control larvae injected with CpBAC DNA alone or TE buffer in Lipofectin complex and untreated animals remained healthy and did not show any symptoms of viral infection, confirming the purity of the solutions used. During the injection experiments using CpBAC, however, it was noticed that infected larvae did not show EGFP expression, as would have been expected from the CpBAC construct. Resequencing of CpBAC was performed. It was found that a point mutation in the ATG start codon of the egfp ORF of CpBAC (and derived recombinants) had occurred, resulting in a frameshift mutation (data not shown). As EGFP expression was not essential for the further experiments, the constructs were further used in the study. Bacmid-based OBs were isolated and fed to 100 early fourth-instar CM larvae to test their per os infectivity and to prepare an OB stock. All animals died of granulosis, providing evidence that OBs derived from larvae injected with CpBAC, CpBAC hr3/hr4 KO or CpBAC
were perorally infective. Thus, neither the separation of hr3 and hr4 nor their complete deletion from the CpBAC affected viral infection, and the resultant mutant viruses vCpBAC hr3/hr4 KO and vCpBAC hr3-kan-hr4 produced infective OBs and were still infectious per os for CM larvae.
LC 50 and ST 50
To compare the biological activity of vCpBAC, vCpBAC hr3/hr4 KO and vCpBAC 
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were determined for neonate CM larvae. As shown in Table 1 ) were not statistically different based on the overlap of confidence intervals (Robertson & Preisler, 1992 (Table 2 ). As shown in Fig. 4 , the observed survival plots for the mutant viruses were very similar to each other, as well as to the parental vCpBAC. Both mutants had more or less the same speed of kill as the parental vCpBAC. During the bioassays, no differences were observed in the disease symptoms of the CM larvae infected either with vCpBAC, vCpBAC hr3/hr4 KO or vCpBAC hr3-kan-hr4
. These observations indicated that the deletion of hr3/hr4 or separation of hr3/hr4 by insertion of the Kan R cassette did not significantly affect their biological fitness compared with vCpBAC based on LC 50 and ST 50 values.
Competition experiment between vCpBAC and vCpBAC
hr3-kan-hr4
The bacmid CpBAC hr3-kan-hr4 was generated as a mimic construction for the mutant virus MCp5 carrying the TCl4.7 transposon at the same integration region between hr3 and hr4. In order to compare the propagation efficacy of vCpBAC hr3-kan-hr4 in the presence of the parental vCpBAC and to investigate whether vCpBAC had a selection advantage over vCpBAC hr3-kan-hr4 , co-infection experiments using different ratios of both viruses were carried out with fourth-instar larvae of CM by oral inoculation. Five different virus ratios of vCpBAC:vCpBAC hr3-kan-hr4
were applied (Fig. 5) . Bam HI restriction digests of the pure virus genotype resulted in a 6.8 kb specific fragment for vCpBAC and a 7.7 kb specific fragment for vCpBAC hr3-kan-hr4 (Fig. 5a ). For each co-infection, the vCpBAC:vCpBAC hr3-kan-hr4 ratio in the virus offspring was quantified according to Arends et al. (2005) . As shown in Fig. 5(a, b) , the absence of the vCpBAC hr3-kan-hr4 (7.7 kb)-specific Bam HI-G1 fragment in the virus offspring could be observed with increasing vCpBAC percentage in the virus inoculum. In all experiments, a lower proportion of vCpBAC hr3-kan-hr4 was found in virus offspring than was introduced as inoculum (Fig. 5b ). For example, by using an infection ratio of 90 % vCpBAC hr3-kan-hr4 and 10 % vCpBAC, only *33 % of the virus offspring was vCpBAC hr3-kan-hr4 but 67 % was vCpBAC. This shift towards CpBAC continued with increasing proportions of vCpBAC in the inoculum. In all other co-infection experiments, where the proportions of vCpBAC hr3-kan-hr4 were j50 %, no vCpBAC hr3-kan-hr4 was detected in the virus offspring. Infections using 100 % of either vCpBAC or vCpBAC hr3-kan-hr4 resulted in pure corresponding virus offspring. These results showed that the parental vCpBAC virus had a selection advantage over the mutant vCpBAC hr3-kan-hr4 in all co-infection experiments. Thus, the MCp5-mimic construct vCpBAC hr3-kan-hr4 showed a replication disadvantage in the presence of vCpBAC.
DISCUSSION
In this study, the impact of disrupting the hr3 and hr4 palindromes of the CpGV genome, as was observed by the insertion of transposon TCl4.7, was analysed. For this, a bacmid construct of the CpGV genome was generated. Bacmid technology has been used extensively for genetic studies of nucleopolyhedroviruses and granuloviruses in cell culture. These bacterial artificial chromosomes of baculovirus genomes have been widely used since the first bacmid was constructed for AcMNPV, termed the Bacto-Bac system (Luckow et al., 1993) . Bacmids not only simplify the construction of recombinant baculoviruses for heterologous gene expression, because they can be replicated autonomously in E. coli, but they can also be easily handled and modified (Si et al., 2007) . This technology has been extended to several baculoviruses, e.g. Helicoverpa armigera nucleopolyhedrovirus (Wang et al., 2003) , Spodoptera exigua multiple nucleopolyhedrovirus (Pijlman et al., 2002) and Bombyx mori nucleopolyhedrovirus (Yao et al., 2012) . Hilton et al. (2008) constructed a bacmid of CpGV also using the unique Pac I site for inserting the transfer vector cassette that derived from the AcMNPV Bac-to-Bac system. In the present study, we used the CopyControl pCC1BAC cloning vector as the bacmid backbone (Wang et al., 2010) . The viral vCpBAC recombinant was generated by transfecting CM larvae with a Table 1 . LC 50 of CM first-instar larvae infected with OBs derived from vCpBAC hr3/hr4 KO , vCpBAC hr3-kan-hr4 or vCpBAC at 7 days post-infection LC 50 values of probit analysis and the slopes of the probit lines are given. All Wald x 2 tests (degrees of freedom 1) were significant at P,0.0001.
Different superscript letters indicate statistical differences between LC 50 values according to Robertson & Preisler (1992) . CpBAC/Lipofectin complex through injection into larval haemocoel and subsequent isolation of virus OBs. This method is an alternative strategy for baculoviruses to generate bacmid-based recombinants when no cell line is available.
The CpBAC produced was maintained stably as single-copy bacterial artificial chromosome in E. coli and was used as a starting material for genetic manipulation. Disruption of hr3 and hr4 or even their complete deletion did not impair the capacity of vCpBAC hr3-kan-hr4 and vCpBAC hr3/hr4 KO to replicate in CM larvae.
The oral inoculation of fourth-instar CM larvae using OBs isolated from infected larvae revealed that the OBs from both mutant viruses were biologically active against CM larvae per os. The infection parameters LC 50 and ST 50 of vCpBAC hr3/hr4 KO and vCpBAC hr3-kan-hr4 did not show significant differences compared with the parental vCpBAC. These findings are in agreement with earlier results from Jehle et al. (1995) , who demonstrated that LC 50 determination of the mutant virus MCp5 was not significantly different from the parental CpGV-M. In contrast to these observations, the ST 50 values of MCp5 were *10 h less than that of the CpGV-M (Arends et al., 2005) . From the LC 50 and ST 50 analyses it was concluded that neither the deletion nor the interruption of hr3 and hr4 of CpGV affected virus infectivity or biological efficacy of the mutant viruses. No evidence for decreased infectivity of the mutants viruses was observed. By comparing the vCpBAC:vCpBAC hr3-kan-hr4 ratio in the virus inoculum with the ratio in the virus progeny in a direct co-infection experiment it was shown that vCpBAC hr3-kan-hr4 was efficiently out-competed by vCpBAC replication. Apparently, the replication of vCpBAC hr3-kan-hr4 is significantly reduced in the presence of vCpBAC. These results were in agreement with Arends et al. (2005) , who demonstrated that a selection disadvantage of MCp5 compared with CpGV-M occurred in co-infection experiments. It is striking that a similar out-competition of vCpBAC hr3-kan-hr4 can be observed as for MCp5.
A characteristic of numerous host-virus systems is the coinfection by different virus genotypes resulting in a high prevalence of mixed genotypes in WT populations (Hodgson et al., 2002) . However, superinfections by different genotypes may be impaired by the cellular presence of an active or a latent virus. For baculoviruses, it was recently found that multiple infection by different genotypes was only possible within 16 h after the initial infection. Later, multiple infections were blocked (Beperet et al., 2014) . Thus, co-infection of the same cell and consequently coreplication in the same nucleus may result in genetic recombination of baculoviruses and baculovirus genotypes, as was proposed by DNA restriction analysis and Southern hybridization (Croizier & Quiot, 1981; Smith & Crook, 1993) , phylogenetic analysis (Jehle, 2004) and direct co-infection experiments (Kondo & Maeda, 1991; Merryweather-Clarke et al., 1994; Jehle et al., 2003; Kamita et al., 2003) . In addition, the combination of a defective genotype and a complete genotype of Spodoptera frugiperda multiple nucleopolyhedrovirus resulted in an increased pathogenicity compared with that of the complete genotype alone (Ló pez-Ferber et al., 2003).
The generated mutant CpBAC hr3-kan-hr4 showed similar virulence parameters against CM larvae as CpBAC, but CpBAC showed a replication advantage over the mutant CpBA Chr3-kan-hr4 in a direct co-infection experiment.
It is not yet clear which molecular mechanisms cause the lack of competitiveness of vCpBAC hr3-kan-hr4 in the presence of the parental genotype vCpBAC. This result suggests that the presence of hr3 and hr4, and/or the distance between hr3 and hr4, is crucial and that there may be a functional co-operation of these two homologous regions.
It was demonstrated that the entire 76 bp palindrome of homologous regions in CpGV is the required region for replication, with flanking regions enhancing replication and the amount of replication increasing with the size of the fragment containing homologous regions (Hilton & Winstanley, 2007) . By comparing replication of plasmids containing different fragments of CpGV DNA, it was shown that the regions flanking the palindromes were required for optimum virus replication; however, no homology between these flanking regions was detected (Hilton & Winstanley, 2007) . Here, a functional co-operation might be expected between hr3 and hr4. It would be worth analysing the replication capability of hr3 or hr4 independently. This could be achieved by separation of hr3 and hr4, and testing them in an infection-dependent DNA replication assay.
Putative CpGV early genes have been identified based on their putative promoters and homology to nucleopolyhedrovirus genes (Luque et al., 2001) . The possible enhancing activity of CpGV homologous regions for transcription of early genes is still unknown. The hypothesis that CpGV homologous regions might have enhancing activity toward virus early gene transcription could be a useful approach to investigate the possible influence of TCl4.7 transposon insertion on the function of homologous regions and thus the transcriptional regulation of virus early genes which is responsible for virus replication initiation. Further characterization and studies of CpGV early genes and their transcription regulation in the presence or absence of homologous regions are required to investigate whether CpGV homologous regions act as enhancers of virus gene transcription. Whatever the molecular mechanism responsible for the observed effects, it is evident that insertions caused by transposition, recombination or genetic engineering, as in our case, affect the virus genetic structure, and may influence virus replication efficacy and fitness, and eventually their competitiveness and persistence in the ecological system.
METHODS
Insect and viruses. CMs (C. pomonella L., Lep.: Tortricidae) used for virus propagation and bioassay experiments were derived from the insect rearing facility of the Agricultural Service Centre Palatinate (DLR Rheinpfalz), Neusdtadt an der Weinstraße, Germany. The larvae were kept at 26 uC, 60 % relative humidity and a 16/8 h light/ dark photoperiod. Larvae were reared on a semi-artificial diet containing water and agar-agar, which was autoclaved for 20 min at 120 uC mixed with maize meal, wheatgerm, Brewer 's yeast, ethanol, ascorbic acid and methyl-4-hydroxybenzoate (Ivaldi-Sender, 1974) . The CpGV used in the bioassays is a descendent from the so-called CpGV 'Mexican strain' (CpGV-M) (Tanada, 1964) . The transposon insertion mutant CpGV-MCp5 (MCp5) was isolated from an infection experiment in Cryptophlebia leukotreta larvae with CpGV-M and subsequent in vivo cloning in Cydia pomonella larvae (Jehle et al., 1995) . Virus OBs were propagated by orally inoculating late fourthinstar larvae of CM with 1000 OBs per larva on a small piece of medium (*3 mm 3 ). The offspring OBs were purified and enumerated in the dark field of a Leica DMRBE light microscope with |400 magnification using a Petroff-Hausser counting chamber (depth 0.02 mm) as described previously (Jehle et al., 1992) .
Construction of the CpGV bacmid cloning vector. The CopyControl pCC1BAC cloning vector (Epicenter) was used for the construction of the CpGV bacmid cloning vector. Two primers designated Egfp-orf_F (59-AAACTGCAGATGGGCAAAGGAGAAG-AACTT-39) and Egfp-orf_R (59-TCCAAGCTTTTATTTGTATAGTT-CATCCAT-39) were used for PCR amplification of the egfp gene using pGEM-Z11-GFP plasmid as a template. The Egfp-orf_F contained a PstI site at its 59 end and Egfp-orf_R contained a HindIII site for direct subcloning into Pie1hr/PA plasmid (Cartier et al., 1994) . The introduced restriction sites are underlined. The egfp PCR fragment was digested with PstI and HindIII endonucleases, and cloned into the Pie1hr/PA plasmid under the control of the AcMNPV ie-1 promoter, generating the recombinant plasmid pIE1hr-GFP-PA. The IE1-GFP-PA cassette was PCR-amplified from pIE1hr-GFP-PA using two specific oligonucleotides designated pIE1-gfp_F (59-TTTCTCGAGGGGGATCCGGCGCGT-AAAA-39) and pIE1-gfp_R (59-TTTCTCGAGTTAATTAATATAGGG-CGAATTGGAGCTCGAAT-39), introducing a XhoI restriction site in the upper primer (pIE1-gfp_F) and two restriction sites Pac I and XhoI (underlined) in the lower primer (pIE1-gfp_R) for direct cloning into CopyControl pCC1BAC vector. The IE1-GFP-PA PCR product (*2.0 kb) was digested using XhoI endonuclease and subsequently cloned as a Xho I fragment into the pCC1BAC Xho I locus, generating the bacmid cloning vector pCC1-hr5-ie1-GFP.
Direct cloning of CpGV as a bacmid. CpGV-M genomic DNA (2 mg) was linearized at the unique Pac I locus by overnight digestion with 10 U Pac I endonuclease at 37 uC. After digestion, the restriction enzyme was heat-inactivated for 15 min at 65 uC. Cloning vector pCC1-hr5-ie1-GFP (1 mg) was digested with 10 U Pac I endonuclease in a total volume of 30 ml for 3 h at 37 uC. The linearized vector was then dephosphorylated using 1 U shrimp alkaline phosphatase according to the manufacturer's instruction (Promega). The enzymes were heat-inactivated for 15 min at 65 uC prior to gel purification of the linearized plasmid DNA with a GFX gel and solution purification kit (Amersham Biosciences). A ligation reaction was performed overnight at 16 uC with *500 ng linearized CpGV-M DNA and 50 ng linearized plasmid DNA in a total volume of 20 ml using 2 U T4 DNA ligase (Invitrogen). Electrocompetent TransforMax EPI300 E. coli cells (Epicenter) were transformed with 2 ml ligation mixture at 25 mF and 2.5 kV using a Bio-Rad Gene Pulser. The transformed cells were recovered in LB medium for 1 h at 37 uC and spread on agar plates containing 12.5 mg chloramphenicol ml 21 . The colonies were screened for positive clones by restriction digestion of the isolated bacmid DNA from 10 ml inoculated LB overnight cultures.
Construction of CpGV-M mutant viruses. The Red/ET Recombination system (Gene Bridges) was used for the generation of CpGV-M virus mutants. The deletion of hr3 and hr4 from CpGV-M was performed using two specific oligonucleotides which were designed with homologous arms of 50 bp at the 59 end of each oligonucleotide directly adjacent to either side of the target region to be deleted from CpGV-M. The 39 end of these oligonucleotides contained the necessary sequence for amplification of the kanamycin resistance gene cassette (Kan R ) of the provided template Tn5-neo. To replace hr3/hr4 with Kan R , the Kan R cassette was amplified using two long oligonucleotides; the forward primer designated Phr3/hr4NL-F contained the hr3 flanking sequence from nt 11 906 to 11 981 (59-ACAGACACACAAAATACGTCAAAT-GTACAATCAAATGATATAGCGGCGTCCCCGGGTGGACAGCAA-GCGAACCGGAATTG-39) and the reverse primer designated Phr3/ hr4NL-R contained the hr4 flanking sequence from nt 12 071 to 12 145 (59-CAGCAACAAAAAGTGTGCTCCATGATTGAAAGCGCGTTTA-GTAGTGAATACCCGGGTCAGAAGAACTCGTCAAGAAGGCG-39). For insertion of the Kan R cassette in the region between hr3 and hr4 (*90 bp), the Kan R cassette was amplified using two long oligonucleotides each for an 80mer containing the homology sequences flanking the *90 bp. The forward primer was designated Phr3-kan-hr4-F (59-TTAGCGAAAAACTTTTTTTCGCTAAAATCTCGGCGCAAAGCCA-GATTCGTCCCGGGTGGACAGCAAGCGAACCGGAATTG-39) and the reverse primer was designated Phr3-kan-hr4-R (59-TTTAAAAAT-TTTAAAATTTTTCCTAAATCAGCTAATAAAGTCGGCCTCGTCCC-GGGTCAGAAGAACTCGTCAAGAAGGCG-39). The Sma I recognition site is underlined. Oligonucleotides were designed according to the CpGV-M complete genome sequence (Luque et al., 2001) . PCR amplification of the Kan R cassette was performed using Taq DNA polymerase according to the manufacturer's protocol (Axon Labortechnik). PCR products were purified using a GFX gel and solution purification kit (Amersham Biosciences) prior to use for transformation into EPI300 E. coli cells. The putative positive clones were screened using two oligonucleotides flanking the predicted recombinant junction regions for each construct, designated Det-hr3/hr4-F (59-ACCGTGGCAGAGTTGTCA-CCCAT-39) and Det-hr3/hr4-R (59-TGAAAGCGCGTTTAGTAGTGA-ATAG-39).
Transfection of CpGV-M mutants into CM larvae. The CpGV-M genome was cloned as a bacmid in E. coli in order to generate mutant viruses from the bacmid in CM larvae. For transfection of the generated CpBAC bacmid or its mutants into CM larvae, bacmid DNA was mixed with Lipofectin transfection reagent (Life Technologies) in sterile bidistilled H 2 O using a ratio of 500:250 (ng ml 21 ) bacmid DNA:Lipofectin. Before injection, larvae were treated with 0.4 Hyamine (Sigma) for disinfection and then anaesthetized with diethyl ether vapour for 2-3 min. An aliquot of 1 ml of the mixture was injected into the haemocoel of fourth-instar CM larvae through the third proleg of the larva using microliter syringes (25 ml) (Hamilton). Twenty larvae were used for each treatment. After injection, larvae were transferred to a fresh diet and reared until larval death or pupation.
After transfection of mutant bacmid DNAs into CM larval haemocoel, larvae that died from virus infection were collected in 2 ml Eppendorf tubes and subjected to OB purification. Fourth-instar CM larvae were infected per os using a piece of medium as described above. Only the larvae that had completely ingested the medium within 24 h postinfection were transferred to a fresh virus-free medium and reared individually at 26 uC. CM larvae that succumbed to virus infection were collected in 2 ml Eppendorf vials just after death and kept frozen at 220 uC until OB purification to be used for determining the LC 50 .
staining, gels were photographed using the INTAS Gel Documentation System and the optical density of the single DNA-specific fragments for each genotype quantified using ImageMaster 1D software (Amersham Pharmacia Biotech). The ratios of the CpBAC and the mutant genotype CpBAC hr3-kan-hr4 in the virus offspring were determined using the molar proportion of genotype-specific and shared Bam HI restriction fragments. The molar proportion of restriction fragments was calculated by correlating the size and the intensity of the genotype Bam HI restriction fragments as described by Arends et al. (2005) .
